Abstract The significant antibacterial activity of silver nanoparticles draws the major attention toward the present nanobiotechnology. Also, the use of plant material for the synthesis of metal nanoparticles is considered as a green technology. In this context, a non-toxic, eco-friendly, and cost-effective method has been developed for the synthesis of silver nanoparticles using seed extract of mung beans (Vigna radiata). The synthesized nanoparticles have been characterized by UV-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FT-IR), transmission electron microscopy (TEM), atomic absorption spectroscopy (AAS), and X-ray diffraction (XRD). The UV-visible spectrum showed an absorption peak at around 440 nm. The different types of phytochemicals present in the seed extract synergistically reduce the Ag metal ions, as each phytochemical is unique in terms of its structure and antioxidant function. The colloidal silver nanoparticles were observed to be highly stable, even after 5 months. XRD analysis showed that the silver nanoparticles are crystalline in nature with face-centered cubic geometry and the TEM micrographs showed spherical particles with an average size of 18 nm. Further, the antibacterial activity of silver nanoparticles was evaluated by well-diffusion method and it was observed that the biogenic silver nanoparticles have an effective antibacterial activity against Escherichia coli and Staphylococcus aureus. The outcome of this study could be useful for nanotechnologybased biomedical applications.
Introduction
Nowadays, Nanotechnology is one of the most active research areas in the modern material science and technology. The development of nanotechnology creates a keen interest in the fabrication of different dimensioned nanoparticles (NPs) (Marambio-Jones and Hoek 2010). The NPs can be synthesized by various methods which include chemical (Pastoriza-Santos and Liz-Marzan 2002) , photochemical (Gonzalez et al. 2009 ), electrochemical (Yin et al. 2003) , and biological methods (Ahmad et al. 2010; Linga Rao and Savithramma 2012) . The development of various new chemical or physical methods results into environmental pollution, since these chemical routes generate a large amount of hazardous by-products. Thus, there is a need for ''green synthesis'' which includes a clean, safe and an eco-friendly route for synthesis of NPs and which does not involve the use of high temperature, pressure, energy and toxic chemicals (Ahmad et al. 2010; Linga Rao et al. 2013; Jeong et al. 2005) . The biogenic methods include synthesis of NPs from the bacteria, fungi and nowadays from plant extracts. The major drawbacks of using bacterial and fungal species is that these require very aseptic conditions, large manual skills to maintain cultures and thus, are much time consuming (Basavaraja et al. 2008) .
Recently, plant extracts including bark, leaves, flowers and fruits have been used to synthesize the metal NPs. These biogenically synthesized NPs show more compatibility for pharmaceutical and other biomedical applications than those synthesized by chemical and physical procedures. (Crooks et al. 2001; Vijayaraghavan and Nalini 2010) . Furthermore, use of plants for the synthesis of NPs does not require high energy, temperature and is cost effective and also used to scale up for large-scale synthesis (Mukunthan et al. 2011; Vankar and Shukla 2012) . Among metal NPs, silver nanoparticles (AgNPs) have attracted intensive research interest because of their essential applications as catalyst, textile fabrics and antimicrobials (Sivakumar et al. 2012) .
Vigna radiata commonly known as green gram or mung bean is a major edible legume seed in Asia (India, South East-Asia and East-Asia) and also eaten in Southern Europe as well as in the Southern USA. It is a rich source of minerals, vitamins and proteins with its essential amino acid profile comparable to that of other legumes (Mubarak 2005) . Moreover, it also contains significant quantities of phenolic and polyphenolic compounds such as flavonoids (Sasulski and Dabrowski 1984a, b) . The proteins present in the seeds are expected to self-assemble and cap the metal NPs formed in their presence and induce some shape control during metal ion reduction.
In the present paper, we report a simple, eco-friendly and cost-effective synthesis method of AgNPs at ambient conditions using seed extract of Vigna radiata as a reducing and stabilizing agent. The AgNPs synthesized by this method have the efficient antimicrobial activity against pathogenic bacteria.
Materials and methods

Materials
Silver nitrate was purchased from RENKEM, India. Vigna radiata seeds were obtained from local market of Patiala, Punjab, India. All the solutions were prepared in deionized water.
Preparation of aqueous seed extract
The seeds were washed thrice with deionised water to remove the dust and other contaminants, and dried at room temperature for 24 h and at 60°C in hot air oven for 1 h to remove the moisture. 20 g of dried seed was weighed and grounded to powder by a grinding machine. Now, the powder sample was placed in 250 ml Erlenmeyer flask containing 100 ml deionized water. Finally, the mixture was subjected to heat at 70°C for 1 h. After cooling, the extract was filtered using Whatman No. 1 filter paper and stored at 4°C for further use.
Biosynthesis of silver nanoparticles
To synthesize silver nanoparticles from Vigna radiata, 10 ml of aqueous seed extract was carefully added to 90 ml of 1 mM aqueous silver nitrate solution in 250 ml flask. The flask containing reaction mixture was incubated on a rotary shaker at 200 rpm under dark conditions. A change in color from light yellow to reddish brown of colloidal suspension confirmed the biosynthesis of AgNPs.
Characterization
Biosynthesis of NPs by silver nitrate was monitored periodically using T-90 series double-beam ultraviolet-visible spectrophotometer (PG Instruments, England) with slit width and spectral bandwidth of 1.0 and 0.1 nm, respectively. Concentration of silver ions was analyzed using atomic absorption spectrophotometer (AA500F-PG Instruments, England) with an operating current of 2 mA and a wavelength and spectral bandwidth of 328.1 and 0.2 nm, respectively. During the course of the reaction at regular intervals, an aliquot of sample was withdrawn and centrifuged. The supernatant solution was then analyzed by AAS to detect the amount of Ag ? ions. The rate of decrease in the concentration of the Ag ? ions depicts the conversion of Ag ? to Ag 0 . Analysis through XRD was carried out to confirm the crystalline nature of the AgNPs. The dried mixture of AgNPs was collected by repeated centrifugation and measurement was made on a PANalytic X'PERT-PRO X-ray spectrometer. Fourier transform infrared (FT-IR) spectrum was obtained in the range 4,000-400 cm -1 with Thermo Scientific (Nicolet-iS-50) FT-IR spectrophotometer. For transmission electron microscopy (TEM) observations, sample of biosynthesized silver nanoparticles was prepared by placing a drop of sonicated solution of colloidal suspension on carbon-coated copper grid, allowing the film on the TEM grid to stand for 2 min, removing the excess solution with blotting paper, and letting the grid dry prior to measurement. TEM observations were performed using a Hitachi H-7500 TEM instrument.
Antimicrobial activity
Antibacterial activity was assayed using standard well-diffusion method against human pathogenic bacteria (Escherichia coli and Staphylococcus aureus). Nutrient agar was prepared for cultivation of the bacteria. Freshgrown cultures of the microbes were spread on Petri plates containing nutrient agar for overnight and with a sterile borer; a 5 mm holes were punched in the medium. Varying volumes (10, 20, 40, 60, 80 and 100 ll) of solution containing NPs (10 lg/ml) were inoculated in these holes and plates were incubated at 37°C for 24 h. Further, zone of inhibition was measured.
Results and discussion
The addition of V. radiata seed extract to the silver nitrate solution resulted in the change in color from light yellowish to reddish brown on incubation for 3 h at room temperature. The color changes in the solution were seen due to the surface plasmon vibrations of the AgNPs (Mulvaney 1996) . Change in color after the reduction of silver ions (Ag ? ) to silver nanoparticles (Ag 0 ) is shown in Fig. 1b. UV-visible spectroscopy UV-visible spectra recorded at different time intervals for aqueous solution of silver nitrate with Vigna radiata seed extract are shown in Fig. 2a . The samples displayed an optical absorption band peak at about 440 nm, typical of absorption for metallic Ag nanoparticles, due to the surface plasmon resonance (SPR). Effect of reaction time on the AgNPs synthesis was also studied with UV-Vis spectra and it is observed that with an increase in time the peaks become more intense. The increase in intensity is because of increase in number of nanoparticles' formation due to reduction reaction between silver ions and biomolecules presented in the aqueous solution. However, after 3 h of reaction time, intensity of SPR band becomes almost constant, indicating the completion of reaction. Figure 2b shows the UV-Vis spectra of silver nanoparticles after storing for 5 months to test the stability of AgNPs. It has been observed that the absorption peak shifts slightly, as compared to 3 h absorption peak, without a significant change in color. This indicates the stability of AgNPs over a period of time.
Atomic absorption spectroscopy
Atomic absorption spectroscopy (AAS) analysis was carried out to analyze the Ag ? ion concentration, which showed the conversion of Ag ? ions into Ag 0 nanoparticles. Initially, a standard solution of 10 ppm of AgNO 3 was prepared and analyzed with AAS at 0 min. The Ag ? ion concentration in the solution was monitored at different time intervals, after adding Vigna radiata seed extract. For each sample, at least five replicates were performed and using linear regression equation (see supplementary material) concentration of silver was determined. Figure 3 shows the rate of decrease in the concentration of the Ag 
FT-IR spectroscopy
The FT-IR spectrum of biosynthesized silver nanoparticles depicted in Fig. 4 showed peaks at 3212. 60, 2915.06, 2108.69, 1628.85, 1513.28, 1225.99, and 1016 .80 cm -1 , respectively. The peak at 3212.60 cm -1 is assigned to N-H stretching vibrations of the secondary amide and bonded hydroxyl (-OH) group. The peak at 2915.06 cm -1 is due to C-H stretching of -CH 3 and -CH 2 groups of the proteins and 2108.69 cm -1 corresponding to N-H stretching or C-O stretching vibrations. The peak at 1628.85 cm -1 corresponds to asymmetric C=O and (or) aromatic C=C stretching vibration. The peak at 1513.28 cm -1 corresponds to amide II linkage of the proteins. The peak at 1225.99 and 1016.80 cm -1 could be assigned to C-O stretching and O-H deformation of phenolic -OH groups. FT-IR studies suggested that phenolic compounds present in the seed extract are mainly involved in the reduction of silver ions (Ag ? ) into AgNPs (Ag 0 ). Proteins could be responsible for both synthesis and stabilization of AgNPs. However, the exhaustive mechanism of the synthesis of AgNPs in this reduction reaction by phytochemical in seed extract of V. radiata is to be further elucidated.
X-Ray diffraction X-ray diffraction analysis was carried out to confirm the crystalline nature of the silver nanoparticles. The XRD pattern of the biogenic silver nanoparticles (Fig. 5) showed four intense Bragg reflections that may be indexed to facecentered cubic (fcc) structure of silver. A comparison of obtained XRD spectrum with the standard (JCPDS file no. 04-0783), confirmed that the silver nanoparticles formed were in the form of crystals, as evidenced by the peaks at 22°, 44.57°, 64.73°, and 77.42°corre-sponding to (111) , (200), (220), and (311) planes, respectively. The unassigned reflections could be due to crystallization of bioorganic molecules that may occur on the surface of the nanoparticles. The broadening of XRD peaks around their bases indicated that the silver particles were in nanorange (Ahmad and Sharma 2012) .
The average particle diameter of silver nanoparticles synthesized by present green synthesis route was calculated from the XRD pattern and using the Debye-Scherrer equation.
where D is the crystalline size of AgNPs, h is the Bragg angle and k is the wavelength of X-ray source (0.1541 nm) used, b is the breadth of the pure diffraction profile in the radians on 2h scale and k is a Scherrer constant with a value from 0.9 to 1. The full width at half maximum (FWHM) value measured for most intense peak (111) was used with the Debye-Scherrer equation to calculate the size of the nanoparticles which came out to be 20.3 nm.
Transmission electron microscopy
The size and shape of synthesized silver nanoparticles were examined using transmission electron microscopy (TEM) analysis. Figure 6a shows typical TEM image of biosynthesized AgNPs. It reveals that the AgNPs are well dispersed and predominantly spherical in shape, while some of the NPs were found to be oval and/or having anisotropic structures of irregular shape. Such variation in size and shape of biosynthesized NPs is common (Gangula et al. 2011) . TEM analysis showed that most particles had a size of about 18 nm. To determine the NP size distribution, more than 130 particles were analyzed using ImageJ software, and the resultant data were plotted in histogram (Fig. 6b) . From this figure, it can be seen that the frequency peak lies at approximately 15-20 nm, and particles, whose sizes range from 5 to 30 nm account for about 95 % of total particles observed. Mung beans contain a number of essential nutrients, including proteins and carbohydrates. In addition to high protein content, mung beans also contain various enzymes and plentiful microelements. It also contains beneficial plant phytochemicals (gallic acid, p-hydroxybenzoic acid, protocatechuic acid, syringic acid, vanillic acid, caffeic acid and ferulic acid) which have antioxidant and anticancer activities. Based on high levels of total phenolics, mung beans show the benefits of radical scavenging activities, tyrosinase inhibition, antiproliferative and alcohol dehydrogenase activities, which could be attributed to redox property of phenolic acids. Several reports have shown close relationship between total phenolic contents and antioxidative activity (Réblová 2012; Marinova et al. 2013; Palafox-Carlos et al. 2012) .
Phenolic acids due to their phenolic nucleus and a carboxylic group form a resonance-stabilized phenoxy radical which accounts for their antioxidant potential. It is generally believed that in the initial stage, oxidation of phenols leads to stable phenoxy radical formation. This radical is highly stabilized by delocalization across the whole molecule (Simić et al. 2007) . It is thus possible that the phenolic acids act as a reducing agent and are oxidized by AgNO 3 , resulting in the formation of AgNPs (Fig. 7) .
Antibacterial efficacy of AgNPs
The antibacterial activity of the AgNPs synthesized by aqueous extract of Vigna radiata seeds was studied by well-diffusion method against the Gram-negative bacteria E. coli and against the Gram-positive bacteria S. aureus. The photographs showing the antibacterial activity are shown in Fig. 8 , and the value of zone of inhibition observed around the wells is given in Table 1 and Fig. 9 . It has been observed that AgNPs were more effective against E. coli than S. aureus. Moreover, the bactericidal activity of AgNPs was found to increase with increasing dosage. The literature reveals that the bactericidal property of AgNPs entirely depends on the particle size and dose and is more active against Gram-negative bacteria than Gram-positive bacteria (Khan et al. 2011) . The probable reason might be the difference in the composition and thickness of peptidoglycan layer in the cell wall. Grampositive bacteria possess a three-dimensional peptidoglycan layer of *80 nm (10 times thicker than Gram-negative bacteria), and is less susceptible to attack by AgNPs. It is believed that silver interacts with thiol groups of protein on cell membrane, which results into blocking of respiration and causing ultimate death (Sharma et al. 2009; Kaviya et al. 2011) . It has also been suggested that interaction of AgNPs with cell wall increases the membrane permeability by forming pores or pits and thereby causing death of bacteria (Sondi and Salopek-Sondi 2004; Morons et al. 2005) .
Conclusions
The biosynthesis of silver nanoparticles is an eco-friendly and cost-effective method. In the present study, a simple approach was attempted to synthesize silver nanoparticles at room temperature within less time span using aqueous seed extract of mung beans. The phytochemicals present in the seed extract act as an effective reducing as well as stabilizing agents. The synthesized nanoparticles were characterized by UV-visible spectrophotometer, FT-IR, XRD, AAS and TEM analysis. The TEM analysis revealed that the biologically synthesized silver nanoparticles were well dispersed with no agglomeration. The size of nanoparticles ranges from 5 to 30 nm with spherical morphology. These as-synthesized silver nanoparticles showed a broad-spectrum antibacterial activity against Gramnegative and Gram-positive bacteria. The results described in this paper will also be useful for its applications in pharmacology and medicine.
